Introduction
The fundamental repeating unit of chromatin, the nucleosome core particle, consists of ∼146 base pairs of DNA wrapped around a histone octamer consisting of two copies each of the core histones-H2A, H2B, H3 and H4 [1] . Covalent modification of histones and DNA methylation may serve as the potential molecular carriers of epigenetic inheritance, ensuring the correct storage, organization, and interpretation of genetic information spatially and temporally during development [2] . Histone post-translational modification is often a dynamic and reversible process mediated by two antagonizing sets of enzymatic complexes: the "writer" and "eraser" proteins and associated factors that site-specifically attach and remove the modifications, respectively (Fig. 1A) . For example, methylation of histone H3, lysines 4 and 36 (H3K4 and H3K36) is generally associated with "open" euchromatin structure and transcriptional activation, whereas methylation of histone H3, lysines 9 and 27 (H3K9 and H3K27) is generally associated with "closed" heterochromatin structure and gene silencing [2, 3] . However, mechanisms by which histone modification marks contribute to their specific functional consequences are not fully understood. While some histone modifications, such as lysine acetylation, alter chromatin structure directly via charge ablation [4] , other modifications serve as binding sites, recruiting the so-called "reader/effector" proteins that specifically recognize such marks and translate them into subsequent meaningful biological consequences via either their intrinsic activities or those of their interacting partners (Fig. 1A ) [5, 6] . For example, bromodomains and chromodomains interact with specific histone acetylation and methylation marks respectively [7, 8] . Recently, the Plant Homeodomain (PHD) finger has emerged as a motif that, in some cases, differentially recognizes either methylated [9] [10] [11] [12] [13] or unmodified [14, 15] lysine residues in histone tails (Fig. 1B-C) . Notably, many "reader" module-containing factors or complexes also harbor "writer" or "eraser" activities, and these combined activities coordinate "read-write" or "read-erase" processes that might underlie the spreading or erasing of epigenetic marks over a large domain in the genome [16] .
A prediction of the "histone code hypothesis" [17] is that alterations in the "balance" between "on" versus "off" chromatin states lead to inappropriate expression or silencing of gene programs that, in turn, alter states of cellular identity and may lead to human disease. Cancer development has long been recognized as a mingled process of genetic and epigenetic alterations that contribute to its initiation and progression [18] , and cancer-associated mutation or dysregulation has been identified in various "writer" and "eraser" enzymes [19, 20] . Recently, a variety of diseases including immunodeficiency syndrome, solid and blood cancers, and neurological disorders, have been linked to dysregulation of factors that harbor the chromatin-recognizing "reader/effector" modules, notably PHD fingers in many cases (Table 1) . In this review, we discuss the structural features of PHD fingers and elaborate on those diseases associated with PHD finger dysregulation. We propose a category of human diseases that stems from misinterpreting the epigenetic marks, including histone modifications and DNA methylation (exemplified by MeCP2 mutations in Rett's Syndrome [21] ). Understanding the regulatory signals provided by epigenetic marks in the context of human disease will not only broaden the mechanistic appreciation of normal and pathological development, but also pinpoint the significance of "epigenetic codes" in our genome as an additional indexing system that operates beyond the DNA template itself.
The structure of PHD fingers
Since its initial identification in two plant homeodomain proteins that gave the domain its name, 14 PHD finger-containing proteins have been found in the budding yeast genome, 50 in the fruit fly, and up to several hundred in humans [22] . The typical PHD finger consists of two interleaved atypical zinc fingers, characterized by a Cys4-His-Cys3 architecture that coordinates two Zn 2+ ions (Fig. 1B-C ) [22] , although there are noted exceptions, such as the recombination activating gene 2 (RAG2) PHD finger, containing a Cys3-His2-Cys2-His architecture (Fig. 2B) [23, 24] . Structurally, the PHD finger resembles the RING finger which functions as an E3 ligase in the ubiquitylation pathway, but the PHD domain generally lacks the E2 ligase-interacting surface that is characteristic of many RING domains [22] . Because many PHD-containing proteins associate with chromatin and regulate its activities, the PHD finger was initially suggested to interact with chromatin [22, 25] . Indeed, recent studies have revealed that tri-methylated H3K4 (H3K4me3) and unmodified H3K4 (H3K4me0) serve as ligands for two distinct subclasses of PHD fingers [5, [7] [8] [9] [10] [11] 13] .
As founding members of the first subclass, the PHD fingers of BPTF and ING2 engage H3K4me3 and H3R2 simultaneously in two adjacent channels that are separated by a conserved tryptophan in the PHD [9] [10] [11] 13] . The aromatic or hydrophobic residues that form a channel or cage around H3K4me3 stabilize the interaction between the PHD finger and the H3K4me3 side chain via a composite of cation-and hydrophobic interactions (Fig. 1B) . With slight variations, a similar H3K4me3-engaging aromatic cage is also found in other PHD fingers including those of other ING members (INhibitor of Growth 1 (ING1), ING3-5, and their yeast homologue Yng1) and RAG2, indicating a common mechanism for H3K4me3 recognition conserved in evolution [5, 7, 8, 23, 24, 26, 27] . On the other hand, the H3R2-engaging channel or pocket differs among these PHD domains. H3R2 methylation inhibits the H3K4me-binding by the ING2, BPTF and Spp1 PHD fingers [24, 28, 29] , whereas H3K4me-binding by the RAG2 PHD finger tolerates H3R2 methylation [24] .
A second subclass of PHD fingers, including those of DNMT3L and BHC80/PHF21A interact with unmodified H3K4 (H3K4me0) specifically [14, 15] . Instead of utilizing an aromatic cage/channel, the specificity for the H3K4me0-PHD finger association is established through an electrostatic bridge between the unmodified epsilon amino group of H3K4me0 and an acidic residue in PHD finger (Asp90 in DNMT3L or Asp489 in BHC80), and methylation at H3K4 sterically excludes such interaction (Fig. 1C) . The first PHD finger of the autoimmune regulator (AIRE) protein has also been reported as an H3K4me0 binder [30] , suggesting that these instances may portend a more generalized mechanism in recognizing unmodified histone tails.
Many other PHD fingers do not seem to fit into the two known subclasses above as they lack those critical engaging residues described. Indeed, emerging evidence shows that some of them A schematic model that illustrates the "writing", "erasing" and "reading" of covalent modification marks on histone tails. (B and C) Two specialized subsets of PHD fingers specifically recognize and bind to the highly methylated-H3K4 (B) and unmodified H3K4 (C) respectively. The structures shown are PHD fingers of BPTF [11] and BHC80 [15] , with PHD finger depicted in silver, H3K4 peptide in green and Zn 2+ ion in cyan sphere. Side chains of the critical engaging residues are shown in purple. For simplicity, only modules engaging single marks are shown, and aspects involving multivalent engaging modules have been described elsewhere [7] . associate with different methyl marks, with some PHD fingers in yeast binding to H3K36me and PHD fingers in SMCX and ICBP90 to H3K9me [31] [32] [33] . In addition, many PHD fingers may recognize modifications other than methyl-lysines or have unknown functions.
PHD finger dysregulation in immunodeficiency syndromes

Recombination activating gene 2
The immunodeficiency syndromes caused by mutations in the PHD finger of RAG2 provide a paradigmatic example of how PHD mutations contribute to human disease. RAG2 recombinase is the catalytic engine of V(D)J recombination, whereby developing B and T cells fuse different combinations of receptor gene segments to create B and T cell receptor diversity [34, 35] . These somatic cell recombination events are the centerpiece of the adaptive immune response. During V(D)J recombination, RAG2 and its associated recombinase RAG1 work together to recognize and create doublestrand breaks at recombination signal sequences (RSSs) within specific V(D)J gene segments [36] . Once the breaks are made, repair proteins ligate the broken ends together to generate a functional receptor gene (Fig. 2D ). Deleting the RAG2 gene in mice results in the disruption of V(D)J recombination, the failure of B/T cell differentiation and a compromised immune system [37] . Loss-offunction point mutations in RAG2 cause similar phenotypes in humans ( Fig. 2A ) [38] . Severe RAG2 mutations completely disrupt V(D)J recombination, causing a condition known as T-B-SCID ("Severe Combined Immunodeficiency") where patients lack functional B or T cells and are susceptible to infections [38] . In a less severe disorder called "Omenn Syndrome", hypomorphic RAG2 mutations partially impair V(D)J recombination, causing a lack of functional B cells with normal or elevated levels of T cells, which are often activated and only express a limited set of receptors [39, 40] . Patients with Omenn Syndrome suffer from chronic infections, alopecia, lymphopenia, diarrhea, and autoimmune problems presumably caused by the inappropriately activated T cells [39, 41] .
Although the mechanism by which the RAG2-RAG1 complexes are targeted to the correct receptor gene segments remains to be clarified, evidence has linked it to the status of transcription and histone modifications at appropriate recombining loci. Gene segments poised to undergo V(D)J recombination are usually actively transcribed prior to recombination, and are often marked by H3/H4 acetylation and H3K4 methylation [35, [42] [43] [44] [45] . In addition, recent evidence demonstrated that the RAG2 PHD finger specifically recognizes and binds to the H3K4me3 marks enriched in the V(D)J segments poised to undergo recombination [23, 24, 46] . Although the RAG2 PHD finger was dispensable for in vitro recombination assays, it was essential for efficient V(D)J recombination in vivo because deletion of the PHD finger resulted in a reduced V(D)J recombination frequency (∼20-40% of that for wildtype RAG2) [23, 47] . The reduction in H3K4me levels by knocking down WDR5 or over-expressing SMCX in human HT1080 fibroblasts also reduced RAG2 recombination activity [23] .
Strikingly, out of the 24 known RAG2 mutations linked to SCID or Omenn Syndrome, 6 are located within the RAG2 PHD finger domain ( Fig. 2A) , and the severity with which these mutations disrupt the RAG2-H3K4me3 interaction often correlates with the severity of the disease [38, 40, [48] [49] [50] . Mutation W453R (Fig. 2B-C) , which is found in patients with the less severe form of immunodeficiency, Omenn Syndrome [48, 49] , targets a highly conserved aromatic residue that participates in the H3K4me3-RAG2 interaction. This mutation destabilizes the H3K4me3 interaction and reduces RAG2 recombination activity in vivo without the perturbation of RAG2 PHD folding [23, 24] . Mutations K440N and W416L, which are also linked to Omenn Syndrome [40] , have not been tested for recombination activity. These mutations may interfere Borjeson-Forssman-Lehmann Syndrome (BFLS) Germline mutations (PHD1 only) Unknown [110] a The third/C-terminal PHD finger is not included in a short JARID1A isoform generated by alternative splicing, and both isoforms may potentially be involved in chromosomal translocation.
with either the positioning stability of Y415 in the H3K4me3-binding hydrophobic channel or the hydrogen-bond interaction with the H3 peptide, thus negatively affecting the affinity for H3K4me3-binding (Fig. 2C) [24] . Mutations C478Y and H481P, which are linked to the more severe form of immunodeficiency, T-B-SCID [38, 49] , disrupt residues involving Zn 2+ ion coordination, and probably destabilize overall protein folding [24] . Residue N474 forms a hydrogen bond with the N-terminus of histone H3 [24] . Mutation N474S has also been linked to T-B-SCID [50] , however it remains unclear whether or not this mutation affects H3K4me3 binding.
Taken together, these results support a general model wherein the interaction between the RAG2 PHD finger and H3K4me3 helps to recruit and/or stabilize the association of the RAG recombinase to gene segments poised to undergo V(D)J recombination, while histone acetylation alters local chromatin accessibility (Fig. 2D) .
The autoimmune regulator protein
Mutations in the PHD-containing protein autoimmune regulator are associated with autoimmune polyendocrinopathy-candidiasisectodermal dystrophy (APECED), also known as autoimmune polyglandular syndrome type I [51, 52] . APECED patients suffer from various autoimmune problems, due to a failure to negatively select self-recognizing T cells, a process that requires the "promiscuous" expression of tissue restricted antigen (TRA) genes in medullary epithelial cells (MECs) in the thymus [53] . AIRE is crucial to this process because it is required for expression of a subset of the TRA genes in the MECs [54, 55] . AIRE was shown to have transcriptional activating properties and to associate with the histone acetyltransferase (HAT) CREB Binding Protein (CBP) [56] . In addition, the first PHD finger of AIRE has recently been shown to bind to unmethylated H3K4 (H3K4me0) with a K d of ∼5 M, and high levels of AIRE binding at the promoters of TRA genes were correlated with low levels of H3K4me3, supporting a model in which PHD-chromatin interactions recruit AIRE/CBP to the TRA promoters to activate those genes [30] .
Over 50 APECED-associated mutations in AIRE have been identified, including many point mutations targeting the two PHD domains and truncations lacking one or both PHDs [57] [58] [59] [60] [61] [62] [63] . The disease-associated mutation C311Y [57] abolished the interaction between the first PHD finger of AIRE and H3K4me0 [30] by ablating a Zn 2+ -coordinating cysteine and likely perturbing the fold stability [64] . Mutations P326L and P326Q [57, 59] were also reported to perturb the structure of AIRE PHD finger [64] . Interestingly, the disease-associated mutation V301M [60] , which is located in a solvent exposed patch on the outside of AIRE PHD1, had no effect on the PHD folding or H3K4me0 interaction, and may perturb some unknown function [30, 64] . Mutations R303P (in the first PHD finger) [61] and C446G (in the second PHD finger) [62] are also reported in APECED patients, but how these mutations contribute to APECED remains unclear.
PHD finger dysregulation in cancers
Mutations in genes encoding PHD finger-containing factors are not only intimately involved in immune diseases, but also strongly associated with the pathogenesis of various cancers.
INhibitor of Growth 1
ING1, the ING family founding member, was initially isolated from an elegant screen for tumor suppressor genes [65] . This function was later verified in ING1−/− mice, which exhibit hypersensitivity to gamma-radiation and predisposition to lymphomas [66] . Consistent with their putative tumor suppressive roles, the reduced mRNA expression, allelic loss, or somatic mutation of ING family members (especially ING1, ING3 and ING4), have been reported among many types of human cancers including breast cancer, gastric cancer, melanoma, glioma, esophageal squamous cell carcinoma (SSC), and head and neck SSC [19, 67, 68] . While the underlying mechanisms are still poorly understood, ING proteins have been linked to many aspects of oncogenesis and cellular growth control, such as cell cycle regulation, senescence, DNA damage repair, apoptosis, and stress signaling [67, 69] . In addition to interacting with p53 and PCNA, INGs also recruit and associate with two antagonizing sets of enzymes, histone acetyltransferases and histone deacetylases (HDACs) [69, 70] . The incorporation of ING proteins into HAT-or HDAC-complexes is conserved in lower organisms such as yeast [27, 71] .
Virtually all ING isoforms contain a conserved C-terminal PHD finger and nearby nuclear localization signals, perhaps suggesting that their functionality relies on a nuclear PHD motif [69] . ING PHD fingers have been shown to recognize H3K4me3/2 specifically [13, 27, 69] . Mutations within the ING1 PHD finger were identified among various cancers (Fig. 3A) [13,67,72-75 ]. Among them, mutation C253stop [72] results in a truncated PHD domain, and mutation C215S disrupts Zn 2+ -coordination, presumably disrupting the overall PHD structure and abolishing the H3K4me3 interaction needed for recruitment to target promoters (Fig. 3B) . Though other PHD mutations are mapped to the outside of the H3K4me3-binding cage, it remains to be seen if any of them interferes with the H3K4me3 binding or other unknown function. Interestingly, missense mutations also cluster in the nuclear localization signals and an N-terminal sequence that overlaps the SAP30-interacting domain [76] (Fig. 3A) , which may interfere with proper nuclear localization or with SAP30 association. These observations are consistent with a model that upon DNA damage, the Sin3/HDAC repressive complexes are recruited to the promoters of cell cycle Fig. 2 . SAID, SAP30-interacting domain [76] ; NLS, nuclear localization signal; PBR, poly-basic region that mediates the binding to phosphoinositide [69] . (B) A structural model of the ING1b PHD finger (in gray) associated with an H3K4me3 peptide (in green). Cancer-associated missense mutations as shown in red, and aromatic cage residues are in purple. This model is based on a co-crystal structure of the ING2 PHD finger and H3K4me3 peptide [13] . regulators such as Cyclin via ING-SAP30 interaction, repressing the transcription of these genes and preventing cell cycle progression (Fig. 3C) [10, 77, 78] .
PHD fingers fused to NUP98 in blood cancers
Translocation of the Nucleoporin 98 (NUP98) gene represents one of the most promiscuous chromosomal abnormalities in human hematopoietic malignancies such as acute myeloid leukemia (AML) [79] . NUP98, a nuclear pore complex (NPC) component, has been reported to shuttle between the NPC and a specialized nuclear body that associates with active transcription [80] . All leukemic NUP98 fusion proteins retain the N-terminal NUP98 FG-repeats, which recruit p300/CBP and harbor transcriptional activation activities [81] .
In rare AML cases, cryptic translocations fuse the NUP98 FGrepeats to the C-terminus of PHD finger-containing factors such as the H3K4 demethylase JARID1A (Jumonji, AT-rich interactive domain 1A) (Fig. 4A) or PHF23 (PHD finger-protein 23) (Fig. 4B ) [82] [83] [84] . The two fusion products share a high similarity, and the only functional motifs incorporated from JARID1A or PHF23 are the PHD finger and nuclear localization signals, indicating a common leukemogenic mechanism. Little is known about the chromatinassociating properties of these PHD fingers, except that the PHD finger of PHF23 shares similarity to H3K4me-binding PHD fingers [5] . Furthermore, the mechanistic contribution of these PHDs to malignancies is poorly understood.
In ∼5% of AML cases, nuclear receptor-binding SET domaincontaining 1 (NSD1) and the related gene NSD3 were found fused to NUP98 [85, 86] , and the fusion products retain a large part of NSD that contains the five PHD fingers, the proline-tryptophan-tryptophan-proline (PWWP) motif and the SET (SU[VAR]3-9,E[Z],trithorax) domain (Fig. 4C) . NSD1 was isolated as a versatile interacting partner of nuclear hormone receptors, acting as co-repressor or co-activator depending on the cellular context [87] . NSD1 and its related genes (MMSET/NSD2/WHSC1, NSD3/WHSC1L1) have been linked to various human diseases including myeloid leukemia, multiple myeloma and childhood overgrowth syndrome [88, 89] . NUP98-NSD1 has been shown to be a potent oncoprotein, efficiently transforming myeloid progenitors and inducing leukemia in murine models where NUP98-NSD1 directly binds to and activates various HOX genes [90] . Interestingly, while the NUP98 portion and the SET domain are required to maintain HOX gene activation, the fifth NSD1 PHD finger and a nearby cysteine/histidine-rich C5HCH motif were essential for recruiting the fusion protein to target promoters [90] . How the NSD1 PHD fingers contribute to promoter recruitment is unclear, but the sequences of these domains lack the critical H3K4-engaging residues seen in the known H3K4-binding PHDs, suggesting that they may interact with chromatin using a novel mechanism.
Mixed lineage leukaemia (MLL) gene
MLL and its Drosophila homologue trithorax are required for the maintenance of HOX gene expression [91] . In addition to a C-terminal SET domain that specifically methylates H3K4, MLL harbors multiple chromatin-associated motifs, including four PHD fingers, AT-hooks, CxxC motifs, and an atypical bromodomain. While MLL translocation is among the most common causes of leukemias, internal deletion of exon 8 that excludes critical cysteine residues of the first PHD finger without changing the reading frame was found in rare cases of acute lymphoblastic T-cell leukemia (Fig. 4E) [91, 92] . How this internal deletion alters the function of MLL and whether it is sufficient to promote leukemogenesis have yet to be determined.
Other PHD proteins implicated in cancer
While we have discussed cases where PHD finger dysregulation is clearly associated with malignancies, the literature also documents many cases where tumorigenesis is associated with dysregulation of genes encoding PHD finger proteins, without an apparent link to the PHD fingers per se. For example, Multiple Myeloma SET-domain protein (MMSET, aka, NSD2) was found translocated to the immunoglobin locus in >15% of multiple myeloma cases, which leads to over-expression of truncated forms of MMSET containing PHD fingers and a PWWP domain [89] . PHD finger protein 1 (PHF1), which harbors two PHD fingers and a tudor domain, was found rearranged in endometrial stromal sarcoma, a malignant tumor of endometrial stromal cells [93] . As a result, fulllength PHF1, fused to the promoter of JAZF1 and its zinc finger, is ectopically expressed in the endometrium [93] . PHF1 shares a similarity to the Drosophila Polycomb-like proteins, and has recently been shown to be a novel component of EZH2 Polycomb complexes and required for global H3K27me [94] . Interestingly, Ezh2 itself has been reported to be overexpressed in various cancers [19] .
PHD finger dysregulation in neurological disorders
NSD1
NSD1 mutation causes not only leukemias but also Sotos syndrome, a childhood overgrowth syndrome characterized by preand post-natal somatic overgrowth with facial dysmorphism, advanced bone age, seizures, and mental retardation [88, 95, 96] . NSD1 mutations are also detected in Weaver syndrome, a disorder phenotypically overlapping with Sotos syndrome [96] . NSD1−/− mice die early with defects in gastrulation and embryonic development, suggesting this protein plays a key role in development [97] . In Sotos syndrome, NSD1 missense mutations occur only in the SET, PWWP, PHD and cysteine/histidine-rich C5HCH domain, indicating that these domains are crucial to the proper function of NSD1 [96] . Strikingly, mutations in the PHD domains exhibit a very strong bias toward the Zn 2+ -coordinating cysteines/histidines, with mutations targeting 15 different cysteines/histidines, which are likely to disrupt PHD folding [88] . In Weaver syndrome, NSD1 mutations cluster within the fifth PHD and the adjacent C5HCH motif [96] , the same motifs required for tethering NUP98-NSD1 to target promoters in myeloid leukemic cells [90] , indicating a mechanistic commonality underlying these diseases.
Alpha Thalassaemia and Mental Retardation Syndrome, X-linked (ATRX)
Mutations in ATRX are associated with the ATR-X syndrome, a disorder characterized by severe mental retardation, genital abnormalities, alpha thalassaemia, microcephaly, seizures, and growth retardation [98] [99] [100] . ATRX is crucial to neuronal survival in the developing mouse brain, and this function may explain why ATRX mutations associate with mental retardation [101] . ATRX interacts with the heterochromatin-associated proteins HP1alpha, EZH2 and MeCP2, and has been implicated in chromatin remodeling and gene regulation [102] [103] [104] [105] [106] [107] . However, its exact function and contribution to ATR-X syndrome remain unclear.
ATRX features an N-terminal ADD (ATRX-DNMT3-DNMT3L) domain, containing a GATA-like zinc finger, an atypical "PHD-like" domain and an alpha helix [102, 103] . The ATRX PHD lacks the aromatic caging residues found in the PHD fingers of BPTF or RAG2, indicating that it might interact with chromatin by a different mechanism [102] . Over 40 disease-causing ATRX mutations have been identified within the ADD domain, including 26 in the PHD finger itself [102] . Some mutations may disrupt the folding of the PHD domain and probably destabilize the entire ATRX protein, while other mutations that lie on the surface of the fold probably do not affect PHD structure, and may cause disease by interfering with other unknown interactions or functions [102] . Future research focusing on the function of the ATRX PHD finger will provide valuable insights of the molecular pathogenesis of ATR-X syndrome.
CREB Binding Protein (CBP/CREBBP) and PHD finger protein 6 (PHF6)
Haploinsufficiency of CBP leads to Rubenstein-Taybi Syndrome, a disorder characterized by mental retardation, facial abnormalities, and growth retardation [108] . Many diseaseassociated mutations have been reported in CBP, including point mutations or internal deletions in the PHD domain [109] . Mutations in the PHD finger protein 6 (PHF6) are associated with Borjeson-Forssman-Lehmann Syndrome, a recessive X-linked disorder characterized by mental retardation, hypogonadism, hypometabolism and obesity [110, 111] , and one disease-associated mutation (C99F) targets the first PHD finger of PHF6 [110] . While both CBP and PHF6 are implicated in chromatin regulation and neural development, the exact mechanisms underlying their respective neurological disorders are still poorly understood [111, 112] .
Conclusions
In summary, PHD finger mutations have been associated with a wide variety of human diseases. It should be noted that, while evidence supporting a causal role of PHD finger mutation in the pathogenesis of some diseases is convincing (such as RAG2-PHD finger mutation in immunodeficiency syndrome [23] ), direct cause-effect relationships for some other diseases still remain to be established and beg for further investigation. In this review, we have chosen to focus on diseases linked to aberrations of the PHD domains themselves. However, there are many other PHDcontaining proteins for which mutations in other regions of the protein or loss of the entire protein associate with diseases, and the PHD domains of many of these proteins are likely to contribute to appropriate chromatin targeting. For instance, mutations in SMCX are associated with X-linked mental retardation, and the protein contains several PHD fingers thought to be important for regulating neural development genes [31] . In addition, PHD fingers often occur in conjunction with other chromatin-reading motifs, and such combined action is proposed to be required for precisely interpreting complicated chromatin modification patterns, a phenomenon known as "multivalency" [7] . The contribution of PHD fingers and other chromatin-"reading" motifs to the functional consequences of the epigenetic marks and ultimately, to human diseases is a topic that has only recently received scrutiny. Understanding the regulatory roles of chromatin modifications in the context of human disease will greatly broaden our mechanistic appreciation of normal and pathological development.
Conflict of interest
We declare no conflict of interest.
